1. Correlation of hydrogeologic units with geologic-map units of Stewart and Carlson (1978a 
Abstract
In 1999, the U.S. Environmental Protection Agency initiated a rule to protect ground water in areas other than sourcewater protection areas. These other sensitive ground water areas (OSGWAs) are aquifers that are not currently but could eventually be used as a source of drinking water. The OSGWA program specifically addresses existing wells that are used for underground injection of motor vehicle waste. If the injection well is in a ground-water protection area or an OSGWA, well owners must either close the well or apply for a permit. The Nevada Division of Environmental Protection will evaluate site-specific information and determine if the aquifer associated with a permit application is susceptible to contamination. A basic part of evaluating OSGWAs is characterizing the hydrogeology of aquifer systems including the lithology, hydrologic properties, soil permeability, and faulting, which partly control the susceptibility of ground water to contamination. Detailed studies that evaluate ground-water susceptibility are not practical in a largely unpopulated State like Nevada. However, existing and new information could be extrapolated to other areas of the State if there is an objective framework to transfer the information. The concept of hydrologic landscape regions, which identify areas with similar hydrologic characteristics, provides this framework. This report describes the hydrogeology and hydrologic landscape regions of Nevada.
Consolidated rocks that form mountain ranges and unconsolidated sediments that fill the basins between the ranges are grouped into hydrogeologic units having similar lithology and assumed to have similar hydrologic properties. Consolidated rocks and unconsolidated sediments are the two major hydrogeologic units and comprise 51 and 49 percent of the State, respectively. Consolidated rocks are subdivided into 8 hydrogeologic units. In approximate order of decreasing horizontal hydraulic conductivity, consolidated-rock hydrogeologic units consist of: (1) carbonate rocks, Quaternary to Tertiary age; (2) basaltic, (3) rhyolitic, and (4) andesitic volcanic flows; (5) volcanic breccias, tuffs, and volcanic rocks older than Tertiary age; (6) intrusive and metamorphic rocks; (7) consolidated and semi-consolidated tuffaceous rocks and sediments; and (8) clastic rocks consisting of sandstone and siltstone. Unconsolidated sediments are subdivided into four hydrogeologic units on the basis of flow regime, topographic slope, and mapped stream channels. The four units are (1) alluvial slopes, (2) valley floors, (3) fluvial deposits, and (4) playas.
Soil permeability was grouped into five descriptive categories ranging from very high to very low, which generally correspond to mapped geomorphic features such as playas and alluvial slopes. In general, soil permeability is low to moderate in northern, northeastern, and eastern Nevada and high to very high in western, southwestern, and southern Nevada. Within a particular basin, soil permeability decreases downslope from the bedrock contact. The type of parent rock, climate, and streamflow velocities are factors that likely cause these spatial patterns.
Faults in unconsolidated sediments usually are barriers to ground-water flow. In consolidated rocks, permeability and ground-water flow is reduced in directions normal to the fault zone and increased in directions parallel to the fault zone. With time, mineral precipitation may seal fractures in consolidated rocks, reducing the permeability. However, continued movement along the fault may form new fractures, resulting in a fault alternating from a zone of preferred flow to a flow barrier during geologic time. The effect of faults on ground-water flow at a particular location is difficult to determine without a sitespecific investigation.
Hydrologic landscape regions were delineated by overlaying a grid of 100-foot (30-meter) cells over the State, estimating the value of five variables for each cell, and conducting cluster analysis to assign each cell to a region such that each region is fairly homogeneous and distinct from other regions. The five variables include mean annual precipitation, soil permeability, slope, aspect, and hydrogeologic unit. The number of clusters was increased until each region had only one category of hydrogeologic unit, which resulted in 16 regions. Most of Nevada has moderate (8 to 16 inches) precipitation (58 percent), low (less than 5 feet per day) soil permeability (50.1 percent), moderate (3 to 25 percent) slope (58.1 percent), non-northerly aspect (88.7 percent), and hydrogeologic units with high (greater than 40 feet per day) horizontal hydraulic conductivity (59.8 percent).
Regions with moderate to high precipitation (equal to or greater than 8 inches per year), moderate to high soil permeability (greater than 5 feet per day), low to moderate slope (equal to or less than 25 percent), and high hydraulic conductivity could have greater recharge rates and be more susceptible to contamination than other regions. These characteristics describe hydrologic landscape regions 9, 14 and 15, which comprises 27.1 percent of Nevada. These hydrologic landscape regions represent valley floors and alluvial slopes of most basins in eastern and central Nevada. In the most populated areas of Nevada, hydro-
Introduction
Protecting sources of drinking water from anthropogenic contamination is a priority for State and Federal Agencies. Programs to protect underground sources of drinking water, such as well-head and source-water protection programs, have been in place since the 1980s. The goal of these programs is to protect the quality of aquifers that are currently being used for public water supply. However, source-water protection areas comprise a small percentage of the aquifers in Nevada. It also is important to protect the quality of aquifers that are not currently but could eventually be used as a source of drinking water. In 1999, a new rule was initiated to protect ground water in areas other than source-water protection areas (U.S. Environmental Protection Agency, 2000) . These other sensitive ground water areas (OSGWAs) could eventually be used as a source of drinking water. The rule gave regulatory agencies the option to designate specific sites, areas, or the entire state as an OSGWA. The Nevada Division of Environmental Protection (NDEP) elected to designate specific sites because of the unique geological condition that exists in the state.
The OSGWA program specifically addresses existing wells that are used for underground injection of motor vehicle waste; new injection wells are banned. If the injection well is in a ground-water protection area or an OSGWA, well owners must either close the well or apply for a permit. A permit is granted only if the injectate fluids meet drinking-water standards. Nevada is a large, rural, and hydrologically complex state. Except for populated areas, scant data makes it difficult to determine which aquifers could be vulnerable to contamination. Rather than designate all or specific areas of Nevada as an OSGWA, NDEP will evaluate site-specific information associated with a permit application to determine if the aquifer at that site is susceptible (Nevada Division of Environmental Protection, 2003) . A basic part of evaluating OSGWAs is characterizing the lithology, hydrologic properties, soil permeability, and faulting of hydrogeologic units, which partly control the susceptibility of ground water to contamination.
Susceptibility and vulnerability are similar terms that have been used differently by different authors. This report uses the definition of Tesoriero and Voss (1997) who defined aquifer susceptibility as the "relative ease with which a contaminant applied on or near a land surface can migrate to the aquifer", and vulnerability as the "relative ease with which a contaminant applied at or near the land surface can migrate to an aquifer of interest, for a given set of land-use practices." The distinction is that susceptibility, also called sensitivity, considers only natural factors that affect how easily water recharges and moves through an aquifer (Focazio and others, 2002) . Susceptibility depends on characteristics of the unsaturated zone, aquifer, and hydrologic conditions, and is independent of the chemical characteristics and sources of contaminants. Vulnerability depends on the sources and environmental behavior of contaminants in addition to the factors that affect recharge and ground-water flow. An area can have a low susceptibility to contamination, such as in Nevada where recharge rates are low. However, the same area can have a high vulnerability if contaminants are quickly flushed to the water table when water is applied by various land-use practices. DRASTIC (Aller and others, 1987) is commonly referred to as a method of evaluating aquifer vulnerability. DRASTIC stands for depth to water table (D), recharge (R), aquifer lithology (A), soil type (S), topographic slope (T), unsaturated zone lithology (I), and hydraulic conductivity of the aquifer (C). As defined in this report, DRASTIC is a method of evaluating aquifer susceptibility because it only considers natural factors affecting recharge and ground-water flow.
The hydrogeology of an area depends on many factors in addition to the hydrologic properties of the hydrogeologic units. An extreme perspective is that the hydrogeology of any area is unique because it will have a unique combination of factors that control the movement of water and contaminants through an aquifer. Another perspective is that some areas have similar hydrogeology because they have similar values for certain hydrologic variables, such as precipitation and soil permeability. Therefore, information from detailed studies in one area could be extrapolated to other areas of the state if there is an objective framework to transfer the information. The concept of hydrologic landscapes (Winter, 2001) , which have similar values for selected hydrologic variables, provides this framework.
Purpose and Scope
The purpose of this report is to describe the hydrogeology and hydrologic landscape regions of Nevada. The description of the hydrogeology includes the lithology, horizontal hydraulic conductivity, soil permeability, and recent faulting of hydrogeologic units that comprise bedrock and alluvial aquifer systems, and how these features may affect the flow of ground water and movement of anthropogenic contaminants. Hydrologic landscape regions delineate areas of Nevada with similar mean annual precipitation, soil permeability, slope, aspect, and horizontal hydraulic conductivity.
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Previous Studies
The first hydrologic classification of the Great Basin physiographic province was made by Synder (1962) who devised a scheme based on topography and degree of ground-water drainage. Most of Nevada lies within the Great Basin, except for small areas along the northern, western, and southern boundaries of the State. In the late 1960's, Cardinalli and others (1968) and Rush (1968) , delineated hydrographic areas (HAs) for Nevada, based generally on topographic and drainage-area divides. HAs are different than hydrologic units (National Atlas of the United States, 1998) and are used for scientific and administrative purposes.
An HA can be either topographically closed or open. Open HAs have surface-water inflow or outflow, whereas closed HAs have no surface-water flow across their boundaries. The amount of ground-water drainage depends on the rock types underlying and bounding the HAs ( fig. 1 ). HAs underlain and bounded by impermeable bedrock generally are undrained with no subsurface inflow or outflow, the water table beneath the valley floor is near land surface, and ground water is discharged by springs and evapotranspiration from phreatophytes and bare soil. Ground water can drain into and/or out of HAs underlain and bounded by permeable bedrock. In a completely drained HA, the water table beneath the valley floor may be so deep that all ground-water discharge is by subsurface outflow (Eakin and others, 1976, p. G3) . All combinations of open, closed, undrained, partly drained, and completely drained HAs are found in Nevada. Plume and Carlton (1988) grouped geologic formations and rock units into hydrogeologic units for the Great Basin using the geologic map of Nevada (Stewart and Carlson, 1978a) . Plume and Carlton (1988) Later, Plume (1996) simplified these 12 units into 6 hydrogeologic units with an emphasis on delineating basin-fill and carbonate-rock regional aquifer systems (Plume, 1996, p. B3, B11) . In western Nevada, the simplified hydrogeologic units include younger basin-fill deposits, older basin-fill deposits, and a sedimentary-and igneous-rock unit. The sedimentary-and igneous-rock unit of western Nevada was considered a barrier to ground-water flow through the basin-fill aquifer system. In eastern Nevada, the simplified hydrogeologic units include another sedimentary-and igneous-rock unit, a carbonate-and clastic-rock unit, and a metamorphic-, igneous-, and sedimentary-rock unit (Plume, 1996 , plate 2). The carbonate-and clastic-rock unit forms the carbonate-rock aquifer system of eastern Nevada. The metamorphic-, igneous-, and sedimentary-rock unit forms a barrier to ground-water flow through the carbonate-rock aquifer system.
The hydrogeology of southern Nevada also has been described in greater detail than the Great Basin. Winograd and Thordarson (1975, p. C14 ) delineated 10 hydrogeologic units near the Nevada Test Site including two clastic-rock confining units, two carbonate-rock aquifer units, five volcanic-rock units, and a basin-fill aquifer. These hydrogeologic units have Figure 1 . Ground-water flow characteristics for different types of hydrographic areas in Nevada. Modified from Eakin and others (1976, p. G10). been used in more recent studies to delineate similar or additional hydrogeologic units in southern Nevada (Belcher and others, 2001, p. 6 The concept of hydrologic landscapes was first proposed by Winter (2001) . Hydrologic landscapes identify areas with similar hydrologic characteristics and form the basis for a conceptual framework to describe hydrologic processes. Wolock (2003) describes one approach of constructing hydrologiclandscape maps and how 20 hydrologic landscape regions were delineated for the United States. Lopes and Price (1997) used a similar approach to group metropolitan areas of the United States that have similar climate.
Hydrogeologic Units
The hydrologic properties of rocks and sediments vary over many orders of magnitude and often depend on localized geologic conditions such as fracture density and depositional environments. For these reasons, it is necessary to assume that rocks and sediments having similar lithology have similar hydrologic properties. Lithology is the characteristic of a rock or sediment, such as mineral content and grain size. Consolidated rocks that form mountain ranges and unconsolidated sediments that fill the basins between the ranges were grouped into hydrogeologic units having similar lithology and assumed to have similar hydrologic properties.
The geologic map of Nevada (Stewart and Carlson, 1978a) , published at a scale of 1:500,000, is the primary source of lithology used to delineate hydrogeologic units. The Stewart and Carlson (1978a) map was compiled from 1:250,000-scale geologic maps of each county in Nevada and from other published and unpublished geologic maps produced at varying scales throughout the state (Stewart and Carlson, 1978b) . Many of the geologic units mapped by Stewart and Carlson (1978a) contain rocks of varying lithology. In these cases, the first descriptor for the unit was considered to be the predominant lithology within the map unit. For a specific site, more detailed geologic and hydrologic data may be needed to obtain accurate estimates of hydrologic properties of surficial and subsurface materials.
The hydrologic properties most important in controlling the movement of fluids are hydraulic conductivity and porosity. Hydraulic conductivity is the rate at which water moves horizontally or vertically through rocks and sediments (Lohman and others, 1972, p. 4) . The hydraulic conductivity of sediments generally is proportional to their grain size and degree of sorting, whereas the hydraulic conductivity of consolidated rocks depends, in large part, on their degree of fracturing. Porosity determines the volume of fluid that may be stored in the open pores of rocks and sediments. In general, the porosity of unconsolidated sediments is greater than that of consolidated rocks because pore spaces between sediment grains may be more numerous and more interconnected than pores in consolidated rock. However, consolidated rocks that typically have very low primary porosity may develop secondary porosity from open spaces along fractures and joints, or from dissolution of rocks along fractures and joints.
Consolidated rocks and unconsolidated sediments comprise the two major hydrogeologic units because their hydrologic properties are quite different. Plate 1 shows the distribution of consolidated rocks and unconsolidated sediments in Nevada. Consolidated rocks and unconsolidated sediments cover approximately equal areas in Nevada. Consolidated rocks are exposed over 56,108 mi2 (51 percent) of Nevada and unconsolidated sediments are exposed over 54,250 mi2 (49 percent) of the state (table 1). These two major hydrogeologic units are further subdivided into more detailed hydrogeologic units based on lithology, horizontal hydraulic conductivity, slope, soil permeability, and mapped streamchannels. The hydrogeologic dataset is available at <http://water.usgs.gov/lookup/getspatial?nv_hydgeolnv_p>.
Consolidated-Rock Hydrogeologic Units
Consolidated rocks are subdivided into 8 hydrogeologic units (table 1, plate 2) based on the lithologic descriptions of 97 mapped geologic units (Stewart and Carlson, 1978a; Stewart, 1980) and on reported horizontal hydraulic conductivities ( fig. 2, table 2 ). In order of decreasing area, the 8 consolidated-rock hydrogeologic units consist of Quaternary to Tertiary age volcanic flows of (1) basaltic, (2) rhyolitic, and (3) andesitic composition; (4) volcanic breccias, tuffs, and volcanic rocks older than Tertiary age; (5) carbonate rocks; (6) Tertiary-age consolidated and semi-consolidated tuffaceous rocks and sediments, (7) clastic rocks consisting of sandstone and siltstone; and (8) intrusive and metamorphic rocks.
The consolidated-rock hydrogeologic units are ranked in figure 2 and table 2 in approximate order of decreasing horizontal hydraulic conductivity reported by numerous investigators (app. 1). Reports and files from the USGS and NDEP were used for the compilation. References used were limited to those reporting values for aquifers in Nevada or within the Basin and Range physiographic province. As listed in appendix 1, the reported horizontal hydraulic conductivity values were derived from pumping aquifer tests using multiple or single wells, slug tests, laboratory tests of core materials, estimates based on the specific capacity of wells or numerical models, and from previous literature searches.
Quaternary to Tertiary age (<1 to 43 million years [Ma]) volcanic flows were subdivided into basaltic, rhyolitic, and andesitic flows on the basis of their horizontal hydraulic conductivities ( fig. 2, table 2 ). Volcanic flows are assumed to have relatively high horizontal hydraulic conductivity caused by development of fractures, joints, and shrinkage cracks during solidification of the flows (Davis and DeWiest, 1966, p. 337) . Basaltic rocks often have a high porosity from open vesicles formed by gasses entrained in the molten lava, but also may be quite dense with low porosity. Basaltic rocks may form aquifers with close to the greatest horizontal hydraulic conductivity known (Davis and DeWiest, 1966, p. 333; Plume, 1996, p. B20) . Of the Tertiary volcanic flows, rhyolitic flows are somewhat less permeable than basaltic flows and andesitic flows are least permeable (table 2). Ground-water flow between several basins in Nevada has been found to occur through volcanic flows of Tertiary age (Handman and others, 1990, p. 53; Maurer, 1993, p. 21; Maurer, Plume, Thomas, and Johnson, 1996, p. 34; Harrill and Preissler, 1994, p. 11) . All three types of volcanic flows are found in association with each other in northern Nevada, generally north of the Humboldt River, along the western boundary of the State, and at scattered locations throughout the remainder of the State (plate 2). Volcanic flows in the northwestern corner of Nevada are part of the Modoc Plateau that extends into northeastern California (Macdonald, 1966, p. 65) . Volcanic flows along the northern boundary of the state are part of the Owyhee Upland that bounds the southern Snake River Plain (Stewart, 1980, p. 7) .
Volcanic breccias, tuffs, and older volcanic rocks consist of Tertiary-age breccias and welded to non-welded tuffs, and older volcanic rocks ranging from Jurassic to Triassic in age (138 to 240 Ma). These rocks are assumed to have low to moderate horizontal hydraulic conductivity. Welded tuffs locally form aquifers near the Nevada Test Site and may have a great 
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Quaternary to Tertiary-age volcanic flows--Total Basalt Rhyolite Andesite horizontal hydraulic conductivity (Harrill and Prudic, 1998, p. A19; D'Agnese and others, 1997, p. 19) . However, rock units mapped as welded tuffs by Stewart and Carlson (1978a) also include non-welded tuffs, and the horizontal hydraulic conductivity of the mapped units as a whole is probably low to moderate. Older volcanic rocks are assumed to have low to moderate horizontal hydraulic conductivity caused by weathering and filling of pores with secondary minerals (Davis and DeWiest, 1966, p. 337 ). This assumption is substantiated by Stewart and Carlson (1978a) who describe many of the older volcanic rocks as altered and Plume (1996, p. 20) who notes that older volcanic rocks that have been extensively tested near the east-central part of the State have a low horizontal hydraulic conductivity. This hydrogeologic unit forms a northwest/southeast trending band from north of Las Vegas to near the center of Churchill County (plate 2). Tertiary-age volcanic tuffs associated and interbedded with Tertiary-age volcanic flows also are exposed along the northern part of Nevada (Stewart, 1980, p. 92, 98, 102) . Carbonate rocks consisting of limestone, dolomite, and units mapped as mixtures of limestone and clastic rocks by Stewart and Carlson (1978a) range in age from Permian to Cambrian (240 to 570 Ma). These rocks generally have great horizontal hydraulic conductivity caused by fractures and joints that have been widened by dissolution, forming open channels ranging in width from inches to tens of feet (Plume, 1996, p. B11) . Drill logs of deep petroleum exploration wells indicate that fractured zones of high horizontal hydraulic conductivity and porosity in carbonate rocks range in thickness from a few tens of feet to usually not more than 100 ft, separated by unfractured rocks of low horizontal hydraulic conductivity and porosity hundreds to thousands of feet thick (Plume, 1966, p. B12) . Carbonate rocks form a regional aquifer system in the eastern and southern part of the State, where ground water flows for hundreds of miles beneath many basins (Harrill and Prudic, 1998, p. 28-35) .
Tertiary tuffaceous rocks and sediments range from consolidated to semi-consolidated and are mostly fine-grained with low horizontal hydraulic conductivity. They consist of sediments deposited in lacustrine, fluvial, and aeolian settings that have variable degrees of consolidation. Tuffaceous rocks and sediments are of Tertiary age (6 to 43 Ma; Stewart, 1980, p. 87-93) . At various locations they also contain lenses of gravel, conglomerate, sandstone, siltstone, lava flows, ash-flow tuffs, and limestone (Stewart, 1980, p. 87-89) . The sediments were deposited in down-faulted basins that were the precursors, but not necessarily the same configuration, of present-day basins in Nevada (Stewart, 1980, p. 92) . They comprise a large part of the basin-fill sediments in the northeastern part of Nevada (plate 2), and include sequences of volcanic tuffs in the northwestern part of the State (Stewart, 1980, p. 92; Stewart and Carlson (1978a) . Plume (1996, p. B15) notes that they probably underlie younger, unconsolidated basin-fill sediments in most valleys.
Clastic rocks consist of sandstone, siltstone, and shale from Cretaceous to Precambrian age (63 to more than 570 Ma). These rocks are assumed to have low to moderate horizontal hydraulic conductivity and porosity, although they are considered barriers to ground-water flow where they are interbedded or in contact with rocks of greater permeability (Harrill and Prudic, 1998, p. A19; Davis and DeWiest, 1966, p. 347; D'Agnese and others, 1997, p. 20) . Table 2 shows that sandstone is somewhat more permeable than siltstone. The permeability of sandstone is one to three orders of magnitude less than that of unconsolidated sediments of similar grain size due to cementation by clay minerals, calcite, or silica (Davis and DeWiest, 1966, p. 350-351) . The porosity of sandstone has been shown to decrease with depth (Freeze and Cherry, 1979, p. 152) . Because of the low solubility of most clastic rocks, secondary porosity from solution is not developed, and , 1997, p. 20) . Clastic rocks are exposed in a northwest/southeast trending band from north-central Nye County to central Humboldt County, in Esmeralda County, and in association with carbonate rocks in the eastern and southern parts of the state (plate 2). Clastic rocks generally are siltstone and shale in northern Nevada. Sandstone is exposed mainly in Clark and southern Lincoln Counties (Stewart, 1980, p. 23, 27, 31, 34, 43, 48, 62, 74) .
Intrusive and metamorphic rocks range in age from Jurassic to Precambrian. Igneous intrusive rocks cooled underground and generally are less fractured than volcanic flows. Igneous intrusive rocks mainly are granodiorite and quartz monzonite, similar in composition to the Sierra Nevada batholith (Stewart, 1980, p. 73-76) . Metamorphic rocks are of sedimentary or volcanic origin and have been subjected to high temperatures, pressures, or both. Igneous and metamorphic rocks have low horizontal hydraulic conductivity and low porosity, except where fractured or faulted. Freeze and Cherry (1979, p. 159-160) note that the horizontal hydraulic conductivity of intrusive rocks greatly decreases at more than 100 to 200 ft below land surface as overburden pressures cause fractures to close. Prudic and others (1995, p. 11) note that these rocks generally act as barriers to regional ground-water flow through carbonate rocks. Intrusive and metamorphic rocks are exposed mainly in the western half of Nevada with widely scattered exposures in the eastern half.
Unconsolidated-Sedimentary Hydrogeologic Units
Unconsolidated sediments that fill the basins between the mountain blocks comprise the most used aquifers in Nevada and range in age from Pliocene (6 Ma) to recent. The majority of sediments are of Quaternary age (<2 Ma; plate 1; Stewart, 1980, p. 93) . Unconsolidated sediments mapped by Stewart and Carlson (1978a) were subdivided into four hydrogeologic units on the basis of ground-water flow regime, topographic slope, and mapped stream channels to provide more detailed hydrologic information on basin-fill sediments. The four unconsolidated-sedimentary hydrogeologic units are alluvial slopes, valley floors, fluvial deposits, and playas. Available estimates of horizontal hydraulic conductivity for these geomorphic features are summarized in figure 2 and table 2 with detailed estimates listed in appendix 1.
After water and contaminants move past the soil horizon, their movement is controlled by the permeability of sediments underlying alluvial slopes and the valley floors. In general, sediments forming alluvial slopes are coarse-grained and poorly sorted with relatively few interbedded clay layers (Plume, 1996, p. B16-B17; Bedsun, 1980; Mifflin, 1988, p. 71; Anderson and others, 1983, p. 1059) . The grain size of basin-fill sediments decreases towards the center of the valley (Plume, 1996, p. B15; Davis, 1988, p. 286) , and the lower parts of alluvial slopes are likely to interfinger with layers of well sorted sand, silt, and clay deposited on the valley floor (Plume, 1996, p. B15; Bedsun, 1980) . Basin-fill sediments on the valley floor may contain individual layers with high horizontal and vertical hydraulic conductivity, but the overall vertical hydraulic conductivity is relatively low because of the interbedded clay layers. Johnson and others (1968, table 5 ) report vertical hydraulic conductivities of valley-floor sediments in central California that range from 9 x 10 -6 ft/d for clay layers to 90 ft/d for sand layers. Harrill and Prudic (1998, p. 55 ) report vertical hydraulic conductivities that range from one to three orders of magnitude less than horizontal hydraulic conductivities used for modeling five alluvial basins in and near Nevada. Thus, the potential for vertical flow of fluids through unconsolidated sediments is likely greater on alluvial slopes than on the valley floor.
Most ground-water recharge occurs on alluvial slopes from infiltration of precipitation and streamflow from mountain-blocks, resulting in generally downward ground-water flow (Mifflin, 1988, p. 76) . On the valley floor, little groundwater recharge occurs and ground-water flow generally is parallel to land surface or upward where it discharges by evapotranspiration from plants and bare soil (Mifflin, 1988, p. 76; Freeze and Cherry, 1979, p. 145 and 193-194) . In addition, water-table gradients that drive lateral ground-water flow generally are greater beneath alluvial slopes, ranging from 0.02 to 0.005, whereas beneath the valley floor they range from 0.002 to 6 x 10 -7 (Handman and Kilroy, 1997, p. 61; Harrill and Preissler, 1994, p. 10; Maurer, 1986, p. 17; Prudic and Herman, 1996, p. 16; Thomas and others, 1989, pl. 2) . These generalized descriptions of ground-water flow may vary somewhat depending on the permeability of consolidated rocks forming the mountain block and the amount of annual precipitation, but are applicable to all valleys in Nevada ( fig. 3 ).
These distinctions in flow regime have direct implications for aquifer susceptibility. Contaminants released on alluvial slopes compared to valley floors are more likely to spread quickly through large areas and reach deep aquifers because ground-water flow is downward and vertical hydraulic conductivity, recharge, and water-table gradients are relatively high. Contaminants released on valley floors compared to alluvial slopes are more likely to spread slowly through small areas of shallow aquifers because ground-water flow is either parallel to land surface or upward and the recharge rate, vertical hydraulic conductivity, and water-table gradient are relatively low. Typically, deep aquifers are used for municipal supply and shallow aquifers are used for domestic supply.
Because of the different flow regimes, topographic slope was used to divide unconsolidated sediments into two major groups-alluvial slope and valley floor. Alluvial slopes are reported to have a wide range of topographic slope. Motts and others (1970, p. 10) report average alluvial slopes of 3.5 to 5 percent (2 to 3 degrees); the reported slopes of ten alluvial slopes in Nevada range from 1.6 to 7.1 percent (1 to 4 degrees; French, 1987, p. 200) ; the lower parts of alluvial slopes in Death Valley range from 1.3 to 6.2 percent (0.7 to 3.5 degrees; Denny, 1965, p. 42-49) ; Abrahams and Parsons (1994, p. 329 ) cite a range of 3.5 to 7 percent (2 to 4 degrees) for alluvial slopes in the southwestern United States; and Peterson (1981, p. 8) cites about 1 percent (0.6 degrees) as the point where alluvial slopes merge with the valley floor in the Basin and Range province. The lower parts of alluvial slopes are most likely to interfinger with finer-grained sediments of the valley floor (Plume, 1996, p. B15; Bedsun, 1980) . Thus, a slope somewhat greater than the lower values reported for alluvial slopes is probably reasonable to delineate alluvial slopes from valley floors. The average of the 5 values for lower alluvial slopes is 2.2 percent. For this study, areas with a slope greater than 3 percent (1.7 degrees) were designated as alluvial slope, and areas with a slope of less than 3 percent were designated as valley floor.
The 3-percent slope break was determined using the National Elevation Dataset, which is a 100-ft (30-m) resolution digital-raster elevation dataset based primarily on USGS 7.5 minute digital elevation models. Using a geographic information system, 100-ft (30-m) cells with slopes less than 3 percent were distinguished as a first approximation of the valley floor. A line was then digitized around the first approximation to refine the alluvial slope/valley floor contact. The digitized line was overlain on Landsat Thematic Mapper satellite images at a scale of 1:100,000 to check the position of the alluvial slope/valley floor contact. For most of Nevada, the contact provides a reasonable delineation of alluvial slopes and valley floors (plate 2).
Alluvial slopes are almost 2.5 times the area of valley floors in Nevada. Visual inspection of plate 2 and calculated percentages of consolidated rock, alluvial slope, and valley floor for each HA shows that valley floors comprises the largest percentage of the HAs in central and western Nevada, and alluvial slopes comprise the largest percentage of HAs in southern Nevada. The high percentage of alluvial slopes in southern Nevada could be due to a combination of diminished tectonic activity in southern Nevada with erosion as a dominant geologic process (Best and Hamblin, 1978; p. 331 ) and the small basin size, resulting in alluvial slopes from surrounding mountains that coalesce in the center of the basin. Consolidated rocks comprise the largest percentage of HAs in northwestern and northern Nevada, which corresponds to Tertiary-age volcanic flows of the Modoc Plateau and the Owyhee Upland.
Playas, mapped by Stewart and Carlson (1978a;  plate 2), form at the lowest altitudes of many basins in Nevada. Playas typically are devoid of vegetation and often consist of finegrained sediments that were deposited in lakes that occupied many valleys of Nevada during the Pleistocene epoch (10 thousand years [Ka] ) to 1.6 Ma; Stewart, 1980, p. 97) . However, Motts and others (1970, p. 14) describe a few coarsegrained playas that consist of sand and silt-sized sediments. Examples are the playas in the Rhodes and Columbus Salt Marsh Valleys and Clayton Valley playas in southwestern Nevada, which have moderate to great soil permeability (5 to 20 ft/d; plate 3; HAs 118, 119, and 143). The water table beneath coarse-grained playas generally is coincident with the playa surface, and ground-water discharge commonly produces evaporites (Motts and others, 1970, p. 14) .
Because of their hydrologic significance, active stream channels were mapped and superimposed on all hydrogeologic units. As reported by Plume (1996, p. B18) and Bredehoeft Z o n e o f w e a t h e r i n g Z o n e o f w e a t h e r i n g Z o n e o f w e a t h e r i n g Z o n e o f w e a t h e r i n g Z o n e o f w e a t h e r i n g Z o n e o f w e a t h e r i n g Z o n e o f w e a t h e r i n g Z o n e o f w e a t h e r i n g Z o n e o f w e a t h e r i n g (Bredehoeft, 1963, p. 28) . For this study, Landsat Thematic Mapper images taken from April to June 2000 were used to determine the location and approximate width of recently active stream channels. Active stream channels were recognized as roughly linear or braided features lacking vegetation as observed at a scale of 1:100,000. The 1:100,000-scale hydrography digital line graph data (U.S. Geological Survey, various dates) was overlain on Landsat images, and stream segments corresponding to active stream channels were assigned the measured width. Stream-channel widths measured from the Landsat images were checked by field verification and found to be reasonably accurate. During field verification, it was found that a large part of the channel that appeared active from the Landsat images was actually covered by fine-grained sediments. The fine-grained sediments likely were deposited after recession of sediment-laden high flows in the stream channels, and their lateral extent marks the stream's active flood plain. Despite the presence of finegrained sediments near land surface, the mapped fluvial deposits (plate 2) likely represent areas where well-sorted fluvial sediments are present at depth. Over geologic time as the basins filled with sediments, stream channels have migrated laterally across the valley floor or lower alluvial slope (Plume, 1996, p. B15; Bedsun, 1980, p. 51) , and old stream-channel deposits may be present in areas not shown as active channels in plate 2. For this reason, the mapped fluvial deposits should be considered only as generalized areas having potential for rapid ground-water flow parallel to the direction of the channel.
Soil Permeability
The movement of water and contaminants into the subsurface is first controlled by the permeability of soils that develop in the upper several feet of unconsolidated sediments and consolidated rocks. Soil permeability was estimated from a compilation of soil properties by Schwarz and Alexander (1995) . The compilation used values for individual soil layers to calculate weighted averages of permeability and other properties of mapped soils for the entire thickness or to a depth of 60 inches, whichever was less. In Nevada, soil thickness from Schwarz and Alexander (1995) and slope from the National Elevation Dataset is significantly and inversely correlated with slope (correlation coefficient -0.75). Soil thickness decreases from about 60 inches, the maximum thickness measured, on flat slopes to about 30 inches on 40-percent slopes. Average soil permeability in Nevada ranges from about 0.02 to 30 ft/d. Average soil permeability was grouped into five descriptive categories ranging from very high to very low (table 3; plate 3). The limits of soil permeability for descriptive categories are arbitrary, but were selected so that they provide a reasonable match to geomorphic features in unconsolidated-sedimentary units such as playas, alluvial slopes, flood plains, and stream channels mapped by various investigators (Stewart and Carlson, 1978a; Stewart and McKee, 1977; Cohen, 1963; Bredehoeft, 1963; Johnson, 1977; Tschanz and Pampeyan, 1970) .
In general, soil permeability is low to moderate in northern, northeastern, and eastern Nevada and high to very high in western, southwestern, and southern Nevada (plate 3). The type of parent rock and climate are factors that likely cause these spatial patterns. Granitic rocks and tuffaceous volcanic rocks of western and southwestern Nevada (plate 2) are more likely to produce sandy, permeable soils than other types of parent rock (Candland, 1984, p. 271; Buol and others, 1973, p. 111-113) . Granitic and tuffaceous rocks have a high percentage of quartz, which does not weather into clay minerals. In contrast, weathering of basaltic and andesitic volcanic rocks, siltstones, and shales in northern and northeastern Nevada generally produce clayey soils with low permeability (Buol and others, 1973, p. 110-112) . Ascribing likely soil types formed from carbonate rocks is difficult in Nevada because carbonate rocks of differing ages and lithology are exposed near each other. Stewart (1980) describes carbonate rocks of Ordovician, Devonian, and Pennsylvanian/Permian age that are relatively sandy (Stewart, 1980, p. 25, 32, and 46) . Carbonate rocks of Cambrian, Silurian, and Mississippian age are siltier and interbedded with shale (Stewart, 1980, p. 17, 29, and 41) . Stewart (1980 p. 17-22) describes a limestone and shale province along the western edge of the carbonates where deposition likely occurred in deeper water, producing rocks with a greater silt content. Sandy carbonate rocks are likely to form sandy soils and silty carbonate (Buol and others, 1973, p. 110) . Buol and others (1973, p. 126 ) also note that greater rainfall produces more clayey soils, which would accelerate the weathering process in relatively wet northern Nevada. In addition to parent rock-type and climate, eolian deposition of sediments from quartz-rich parent rocks has produced highly permeable sand-dune complexes covering large areas of many valleys in the western and southwestern parts of the state. Notable examples are southern Desert and Silver State Valleys (plate 3, HAs 31 and 32), Pyramid and Winnemucca Lake Valleys (HAs 80 and 81), the Carson Desert (HA 101), Fish Lake Valley (HA 117), and Amargosa Valley (HA 230).
In most valleys, soil permeability is greatest near the margins of the valley and decreases toward the valley floor (plate 3). This is likely due to sorting of sediments as stream velocity decreases from the alluvial slopes toward the center of the valleys (Plume, 1996, p. B15; Davis, 1988, p. 286; Rust and Koster, 1984, p. 55) . Coarse, sandy sediments are deposited on the alluvial slopes as streams emerge from mountainous canyons and fine, clayey sediments are transported further down valley (Plume, 1996, p. B15; Davis, 1988, p. 286) , which could result in the decrease in soil permeability. Notable exceptions to this general trend are several valleys about 40 miles north of Las Vegas. Soils near the center of these valleys have very high permeability (plate 3, HAs 161, 168, 169B, 211, and 216).
Another important soil characteristic in controlling vertical flow is the presence of a hardpan within the soil profile. Areas in unconsolidated sediments where soils have developed a continuous hardpan greater than 3-in. thick or where hardpan is more than 18-in. thick and discontinuous or fractured are shown on plate 3. In general, hardpan forms near exposures of carbonate rocks in the eastern part of the State (plate 2). Vertical flow may be restricted by hardpan in these areas.
Faulting and Ground-Water Flow
Another geologic factor that may affect ground-water flow is the offset of aquifer materials along faults. In unconsolidated sediments, a fault zone can have a horizontal hydraulic conductivity that is three orders of magnitude less than the parent material (Goodwin and others, 1999, p. 2) . Movement along the fault can juxtapose sand and clay layers and create gouge, which is a zone of finely ground or mixed sediments along the fault plane (Heynekamp and others, 1999, p.27 ). In addition, Heynekamp and others (1999, p. 41) note that cementation often occurs on the basin-ward side of faults in coarse-grained sediments, further reducing the permeability of the fault zone. Thus, faults in unconsolidated sediments usually are barriers to ground-water flow, which could force contaminated ground water to land surface in spring discharge. However, Sigda and others (1999, p. 67) note that fine-grained fault gouge may act as a capillary conduit through the unsaturated zone to the water table.
In low-porosity consolidated rocks, the fault plane typically is surrounded by a wide zone of fractures. Within the fault plane, gouge can develop and reduce the horizontal hydraulic conductivity relative to the parent material and fracture zone. In the fracture zone, horizontal hydraulic conductivity is high relative to the parent material (Goodwin and others, 1999, p. 1-2; Caine and Forster, 1999, p. 102) . Thus, in consolidated rocks, ground-water flow is reduced in directions normal to the fault zone and increased in directions parallel to the fault zone (Caine and Forster, 1999, p. 124; McKee and others, 1998, p. 8) . With time, carbonate and silica minerals can precipitate in the fractures and can reduce ground-water flow (Antonellini and others, 1999, p. 24) . However, continued faulting may form new fractures so that a fault may cycle between a zone of preferred flow and a flow barrier (Nelson and others, 1999, p. 69) . Faunt (1997, p. 30) states that faults in areas of extentional stress fields are likely to be open to ground-water flow, whereas those in compressional stress fields are likely to be closed to ground-water flow. A detailed analysis of stress fields, faults, and ground-water flow in southern Nevada was compiled by Faunt (1997) . However, such an analysis for the entire State is beyond the scope of this study. Figure 4 shows the potential effects of faults for various combinations of permeability of faulted aquifer materials and fault zones.
Large-scale faulting occurred in east-central Nevada during the Antler orogeny (360-365 Ma), in central Nevada during the Sonoma orogeny (200-215 Ma), and at various times and locations during the Mesozoic era (66-240 Ma; Stewart, 1980, p. 36, 55, and 76-87) . Many of the large-scale faults were thrust faults, which moved large blocks of rock up to 90 miles over underlying rocks (Stewart, 1980, p. 36, 57, 77, 79, 84) . Other types of faults include strike-slip faults that laterally offset aquifer materials and normal faults that offset aquifer materials in a vertical direction. Many of these faults are inactive. However, the juxtaposition of different rock types may greatly affect ground-water flow, especially in carbonate-rock aquifers (Plume, 1996, p. B24; McKee and others, 1998, p. 1) .
Faulting that produced the present-day Basin-and-Range topography began about 17 Ma (Stewart, 1980, p. 110) . The faults generally are steeply dipping normal faults that uplifted mountain blocks (horsts) and down-dropped the valley floors (grabens) (Stewart, 1980, p. 110) . The faults were produced by extension of the earth's crust beneath the Basin and Range physiographic province and have vertical offsets as great as 6,000 to 15,000 ft (Stewart, 1980, p. 110) . Along southwestern Nevada from Las Vegas to north of Reno, right-lateral strike-slip faulting occurs in a wide zone known as the Walker Lane. Lateral offsets as much as 20 mi have been suggested along the Walker Lane (Stewart, 1980, p. 115) . Recent and historic movement along both normal and strike-slip faults show that the region is still tectonicly active (Stewart, 1980, p. 117) .
Faults that were determined to have movement in the Quaternary period (<2MA) are shown on plate 1, as compiled by the U. Another pattern is that most faults in southern Nevada have relatively low slip rates and are generally older compared to faults along western Nevada and scattered locations in the north. Best and Hamblin (1978, p. 331) suggest that tectonic activity has moved progressively northward across the state and that fault activity in the southern part of the state (south of latitude 37ºN) has slowed since about 10 Ma.
The effect of faults on ground-water flow is difficult to determine without site-specific investigation. Faults may restrict ground-water flow in unconsolidated sediments and either restrict or enhance flow in consolidated rocks. The co-occurrence of faults and springs is one indication of the effect of faulting on ground-water flow (plate 1). Springs shown on plate 1 have flow of 200 to more than 1,000 gal/min (Harrill and others, 1988 , plate 2). Most of the springs are in easterncentral Nevada in carbonate rocks, in unconsolidated sediments surrounded by carbonate rocks, or near the contact between consolidated rock/unconsolidated sediment where faults are common. Springs at this contact could be due to restricted ground-water flow caused by fault gouge or the juxtaposition of rocks with different hydraulic conductivity. Some springs in unconsolidated sediments occur along faults (White River Valley, HA 207; Amargosa Desert, HA 230), which is a good indication that these faults restrict ground-water flow. However, most faults that are distant from the contact between Figure 4 . Potential effects of faults on ground-water flow for different types of aquifer and fault permeability. Modified from Faunt (1997, p. 32) .
consolidated rock/unconsolidated sediment do not have springs, indicating ground-water flow is not sufficiently restricted to cause spring discharge.
The length of Quaternary-age faults within each hydrogeologic unit was divided by the area of the hydrogeologic unit (table 1) 
Hydrologic Landscape Regions
The concept of regionalizing has been used in scientific and non-scientific disciplines as a way of generalizing a large amount of spatial information. A region is a large geographic area with fairly uniform values of the variables that are used to define the regions. A different value for one or more of these defining variables distinguishes regions from each other. For example, topography, climate, drainage, and other variables are used to delineate physiographic regions of the United States (Hunt, 1967) . Although the Great Basin has similar topography and climate as other sections of the Basin and Range Physiographic Province, it is distinguished by its internal drainage. Hydrologic landscape regions (HLRs; Winter, 2001 ) are similar to physiographic regions. Hydrologic landscapes can be used as a conceptual tool to describe and evaluate hydrologic processes. For example, Winter (2000) used hydrologic landscapes to evaluate the vulnerability of wetlands to climatic change. Many variables control the flow of water, and this complexity needs to be considered when using hydrologic landscapes as a tool to evaluate hydrologic processes. For this study, discussion of HLRs emphasizes the susceptibility of ground water to contamination although it could be used to describe other hydrologic processes such as runoff.
Delineation of Hydrologic Landscape Regions
HLRs were delineated by gridding the state into 100-ft (30-m) cells, estimating the value of five variables for each cell, and conducting cluster analysis to assign each cell to a region such that each region is fairly homogeneous and distinct from other regions (Davis, 2002) . This cell size was used because that is the resolution of the National Elevation Dataset, which was used to estimate two variables, slope and aspect. The other three variables are mean annual precipitation, soil permeability, and hydrogeologic unit. These variables were chosen because statewide maps exist and they were assumed to be related to aquifer susceptibility and contaminant transport. Hydrologic processes are controlled by many variables in addition to these five. Considering more variables would make HLRs too complex. Processing of the datasets was done using a geographic information system and the datasets are available at URL <http://water.usgs.gov/lookup/getspatial?nv_hlrnv_g>.
The five variables used to delineate HLRs are the same or similar to the seven variables that are used in DRASTIC (Aller and others, 1987) , a commonly used method of evaluating aquifer susceptibility. Depth to water and recharge rates are not available statewide so they were not used to delineate HLRs. Precipitation was used instead of recharge because precipitation is directly related to recharge and is available statewide. Previous studies in Nevada have assumed that recharge is a fraction of certain precipitation intervals and is negligible in areas with less than 8 inches of precipitation (Maxey and Eakin, 1949; Nichols, 2000) . If this assumption is correct, then about 33 percent of Nevada has a low susceptibility to contamination. DRASTIC uses an arbitrary weighting and ranking system to evaluate the relative susceptibility of an area to contamination. In contrast, HLRs only identify areas with similar hydrologic characteristics. Generalizations can be made about aquifer susceptibility based on the characteristics of each region and a conceptual understanding of ground-water flow.
Cluster analysis was done on categorical values for the five variables. Several iterations of categorizing were done to obtain a balance between showing differences in hydrologic characteristics while minimizing the number of regions. For the final iteration, the five variables were divided into either two or three descriptive categories with corresponding ranges in variable values. Nevada has 90 of the 108 unique combinations that were possible for the final iteration, which was chosen because it has a largely physical basis and the number of categories among variables is about the same.
Mean annual precipitation ranges from 4 to 52 in. in Nevada (Daly and others, 1994) . Three iterations were done to categorize precipitation. The first two iterations categorized precipitation into equal intervals of 4-in. or 8-in. Categories for the third iteration were based on the areal distribution of precipitation. About 33 percent of Nevada has low (<8 in.), 58 percent has moderate (8 to <16 in.), and 9 percent has high (>16 in.) precipitation. There was little difference in results of the cluster analysis between the 4-in. and 8-in. intervals. Most cells were assigned to regions with a median of 16 inches or less precipitation and a large variance. As a result, precipitation was not a distinguishing variable for most regions. The iteration using three categories based on areal distribution resulted in precipitation being a more distinguishing variable. Therefore, the three categories based on areal distribution were chosen for the final iteration.
Soil permeability was categorized using the five intervals of soil permeability that correspond to geomorphic features (table 3) and a simplified version with three categories: low (<5 ft/d), moderate (5 to 10 ft/d), and high (>10 ft/d). Similar to the results using large numbers of precipitation categories, the five categories of soil permeability resulted in regions with a large variance in soil permeability. Therefore, the simplified version using three categories was chosen to better distinguish regions for the final iteration.
Topographic slope and aspect are important variables in snow accumulation, sublimation, and soil infiltration. Slope was divided into three categories: low (<3 percent), moderate (3 to 25 percent), and high (>25 percent). The 3-percent slope break distinguishes valley floor from alluvial slopes and the 25 percent slope break is a critical condition for snow stability (Gray and Male, 1981, p. 501) . Slopes greater than 25 percent are less likely to have significant snow accumulation due to avalanches. Aspect is the average compass direction that a cell faces and was divided into two categories based on the relative amount of solar radiation. Easterly, westerly and flat aspects receive similar solar radiation, and southerly aspects receive the most radiation. Northerly aspects receive considerably less radiation than non-northerly aspects (Gray and Male, 1981, p. 365) . As a result, snow is more likely to infiltrate and less likely to sublimate and runoff from northerly slopes compared to non-northerly slopes. The range in northerly aspect that is hydrologically significant is unknown, so a wide range was used. Northerly slopes are greater than 3 percent and have an aspect of 300 to 60 degrees; non-northerly slopes are less than 3-percent or greater than 3-percent slope and have an aspect of 299 to 61 degrees.
There are few data on vertical hydraulic conductivity, which can be orders of magnitude less than the horizontal hydraulic conductivity. Therefore, horizontal hydraulic conductivity was used to categorize hydrogeologic units because it affects the transport rate after a contaminant has entered the aquifer. A large or small area of an aquifer could be susceptible to contamination depending on horizontal hydraulic conductivity, attenuation, and other factors. A mean of the range of less than or greater than 40 ft/d for horizontal hydraulic conductivity was used to categorize hydrogeologic units. This value divides hydrogeologic units into categories of low or high horizontal hydraulic conductivity fairly well. No other meaningful break in horizontal hydraulic conductivity is apparent ( fig. 2) . Carbonates, basalt, and unconsolidated sediments except for playas comprise hydrogeologic units with high horizontal hydraulic conductivity. Playas, rhyolite, andesite, breccia/tuff, intrusives/ metamorphics, sandstone, siltstone, and tertiary sedimentary rocks comprise hydrogeologic units with low horizontal hydraulic conductivity. Rhyolite and volcanic breccias, tuffs and volcanic rocks older than Tertiary age seem to have high horizontal hydraulic conductivity (table 2) . However, this is due to a few anomalous hydraulic conductivity values reported for these units (appendix 1). These hydrogeologic units generally are not productive aquifers and most reported values are less than 40 ft/d.
Cluster analysis was done using two techniques on truly categorical values, such as high and low, and on numerical values, such as 1 and 2, assigned to each category. Numerical values for the categories were not significantly correlated, so autocorrelation among variables was not a problem.
Partitioning-around-medoids (PAM) and agglomerativehierarchical (AH) cluster analysis on the standardized values were solved using S-Plus 6.1 (Mathsoft, 2001 ). The number of clusters was increased until each region had only one category of hydrogeologic unit. This criterion for the minimum number of clusters was used because it has a physical basis as opposed to statistical criteria that can be used to estimate the optimal number of clusters. PAM using numerical values for categories resulted in a minimum of 16 regions. Values of other variables in each region have little variance and, except for 2 regions, have symmetrical distributions (fig 5) . PAM using truly categorical values and AH using both categorical types resulted in 21 or more regions, and other variables had large variances. Therefore, PAM using numerical values was chosen for the final cluster analysis because this technique was most efficient at producing the fewest regions that are homogeneous and distinct from each other. The resulting map was nominally filtered-a raster-processing technique that removed clusters of fewer than 40 cells that are of a different HLR than their surroundings (plate 4; table 3).
Differences in all five variables distinguish the HLRs. Most of Nevada has moderate precipitation (58 percent), low soil permeability (50.1 percent), moderate slope (58.1 percent), non-northerly aspect (88.7 percent), and high horizontal hydraulic conductivity (59.8 percent; table 4). Without considering combinations of these variables, these characteristics indicate that most of Nevada could have a high susceptibility to contamination. For example, if recharge occurs where precipitation is more than 8 inches (Maxey and Eakin, 1949; Nichols, 2000) , then most of Nevada is susceptible regardless of other variables. However, susceptibility is a function of many variables. Even if variables indicate a low susceptibility, aquifers could be vulnerable due to rapid development in Nevada. Irrigation, urban runoff, septic tanks, and other landuse practices could flush contaminants into ground water.
Regions with moderate to high precipitation, soil permeability, and horizontal hydraulic conductivity and low to moderate slope could be more susceptible to contamination than other regions. These characteristics describe HLRs 9, 14, and 15, which comprise 27.1 percent of Nevada. HLRs 9, 14, and 15 represent alluvial slopes and valley floors and occur in most basins of eastern and central Nevada (plate 4). Aspect could be an important variable affecting susceptibility in HLR 14 because Indian Springs Valley (HA 161) and Three Lakes Valley (HA 211) have a large amount of slopes with a northerly aspect. Aspect may not be an important variable for other HLRs because of the scattered distribution of northerly slopes.
Almost 90 percent of Nevada's population lives on hydrogeologic units with high horizontal hydraulic conductivity. HLR 9 could be more susceptible to contamination than other regions and has 38 percent of Nevada's population, indicating it also is vulnerable. Except for its low precipitation, HLR 10 has similar characteristics to HLR 9 and 25.9 percent of the Nevada's population, suggesting it also could be vulnerable. HLR 9 represents the alluvial slopes and valley floors of western Las Vegas and Spanish Springs, alluvial slopes and fluvial deposits of western Reno, and valley floors where virtually all the population is located in Carson City, Minden, and Gardnerville (Fig. 6a) . HLR 10 represents alluvial slopes and valley floors of southern Las Vegas (Fig. 6b) . These areas could be most vulnerable due to their hydrologic characteristics and urban land-use practices that use water and chemicals. Development on alluvial slopes could be of particular concern because contaminants could reach the deep aquifer that is used for public supply by most cities.
Use of Hydrologic Landscape Regions
Hydrologic information representing much of the State can be obtained by conducting studies in strategic locations so that the results would have high transfer value. For example, 5 of the 16 HLRs comprise more than 60 percent of the State. A limited number of detailed studies in these HLRs could greatly improve the understanding of hydrologic processes throughout much of Nevada.
This approach of using the HLRs as a framework to represent various hydrologic settings in Nevada is being used as part of a statewide evaluation of ground-water susceptibility and vulnerability. Previous studies (Eckhardt and Stackelberg, 1995; Squillace and others, 1999) found that population density is correlated with the occurrence of anthropogenic contaminants. This correlation and the HLRs were used to design a stratified sampling strategy that represents both natural and anthropogenic factors affecting ground water quality. Within each HLR, samples are being collected in low to high population-density areas. Samples are being analyzed for dissolved solids and nutrients including nitrate, which is one of the most commonly occurring anthropogenic contaminants. Samples also are being dated using chlorofluorocarbons to determine where ground water has recharged during the past 50 years (Plummer and Friedman, 1999) . The occurrence of young ground water indicates that the aquifer is susceptible to contamination. 
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An example of a sampling design using HLRs is shown in table 5. A certain number of samples are collected in each HLR that represents a range in population density. The number of samples may not be equal among HLRs for various reasons. For example, more samples may be collected in the most densely populated areas of an HLR, more samples may be collected in HLRs with the largest total population, and no samples may be collected in HLRs that are a small percentage of the total area and population.
Summary
In 1999, the U.S. Environmental Protection Agency initiated a rule to protect ground water in areas other than sourcewater protection areas. These OSGWAs are aquifers that are not currently but could eventually be used as a source of drinking water. NDEP will evaluate site-specific information and determine if an aquifer associated with a permit application is susceptible to contamination. A basic part of evaluating OSGWAs is characterizing the hydrogeology of aquifer systems including the lithology, hydrologic properties, soil permeability, and faulting, which partly control the susceptibility of ground water to contamination. Detailed studies that evaluate ground-water susceptibility are not practical in a largely unpopulated State like Nevada. However, existing and new information could be extrapolated to other areas of the State if there is an objective framework to transfer the information. The concept of hydrologic landscape regions, which identify areas with similar hydrologic characteristics, provides this framework.
Hydrogeologic units are geologic formations with similar lithology and assumed to have similar hydrologic properties. The geologic map of Nevada is the primary source of lithology used to delineate hydrogeologic units. Because the hydrologic properties of consolidated rocks and unconsolidated sediments are quite different, they comprise the two major hydrogeologic units. Consolidated rocks are exposed over 56,000 mi2 (51 percent) of Nevada and unconsolidated sediments are exposed over 54,000 mi2 (49 percent) of the State. These two major hydrogeologic units were further subdivided into more detailed hydrogeologic units based on lithology, horizontal hydraulic conductivity, slope, and mapped stream channels.
Consolidated rocks were subdivided into eight hydrogeologic units. In order of decreasing area covering Nevada, the eight consolidated-rock hydrogeologic units consist of Quaternary to Tertiary age volcanic flows of (1) basaltic, (2) rhyolitic, and (3) andesitic composition; (4) volcanic breccias, tuffs, and volcanic rocks older than Tertiary age; (5) carbonate rocks; (6) Tertiary-age consolidated and semiconsolidated tuffaceous rocks and sediments, (7) clastic rocks consisting of sandstone and siltstone; and (8) intrusive and metamorphic rocks.
Unconsolidated sediments were subdivided into four hydrogeologic units. Alluvial slopes were defined as unconsolidated sediments with a topographic slope greater than 3 percent. Alluvial slopes typically are recharge areas with downward ground-water flow and high gradients. Valley floor deposits have a topographic slope of less than 3 percent. Ground-water flow beneath valley floors generally is parallel to land surface or upward, vertical flow is restricted by layering, and gradients are low. Fluvial deposits could be areas of preferential flow and were mapped as a separate unit using Landsat imagery. Playas have low hydraulic conductivities and were mapped by Stewart and Carlson (1978a) .
Soil permeability was grouped into five descriptive categories ranging from very high to very low, which generally correspond to mapped geomorphic features such as playas, alluvial slopes, flood plains, and stream channels. In general, soil permeability is low to moderate in northern, northeastern, and eastern Nevada and high to very high in western, southwestern, and southern Nevada. Within a particular basin, soil permeability decreases down slope from the bedrock contact. The type of parent rock, climate, and streamflow velocities are factors that likely cause these spatial patterns. Soil thickness is significantly correlated with slope and decreases from about 60 in. on flat slopes to about 30 in. on 40-percent slopes.
Faults in unconsolidated sediments usually are barriers to ground-water flow. However, in the unsaturated zone, finegrained fault gouge may act as a capillary conduit to the water table. In consolidated rocks, permeability and ground-water flow is reduced in directions normal to the fault zone and increased in directions parallel to the fault zone. During geologic time, fractures in consolidated rocks may become cemented and sealed due to precipitation of carbonate minerals, reducing the permeability. However, continued movement along the fault may form new fractures so that a fault may cycle HLRs were delineated by gridding the State into 100-ft (30-m) cells, estimating the value of five variables for each cell, and conducting cluster analysis to assign each cell to a region such that each region is fairly homogeneous and distinct from other regions. The five variables include mean annual precipitation, soil permeability, slope, aspect, and hydrogeologic unit. The number of clusters was increased until each region had only one category of hydrogeologic unit, which resulted in 16 regions. Five of the16 HLRs comprise more than 60 percent of the State. A limited number of detailed studies in these HLRs could greatly improve the understanding of hydrologic processes throughout much of Nevada.
Most (59.8 percent) of Nevada is comprised of HLRs with high horizontal hydraulic conductivity. Regions with moderate to high precipitation, moderate to high soil permeability, low to moderate slope, and high hydraulic conductivity could have greater recharge rates and be more susceptible to contamination relative to other regions. These characteristics describe HLRs 9, 14 and 15, which comprises 27.1 percent of Nevada and represent alluvial slopes and valley floors in most basins of eastern and central Nevada. Aspect could be an important variable affecting susceptibility in Indian Springs Valley (HA 161) and Three Lakes Valley (HA 211) because they have a large amount of slopes with a northerly aspect. Aspect may not be an important variable for other HLRs because of the scattered distribution of northerly slopes.
Almost 90 percent of Nevada's population lives on hydrogeologic units with high horizontal hydraulic conductivity. HLR 9 could be more susceptible than other regions and has 38 percent of Nevada's population, indicating it also is vulnerable to contamination. HLR 9 represents the alluvial slope and valley floor of western Las Vegas and Spanish Springs, alluvial slope and fluvial deposits of western Reno, and valley floor of Carson City, Minden, and Gardnerville where virtually all the population is located. These areas could be most vulnerable due to their hydrologic characteristics and contaminants associated with urban land-use practices.
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